Abstract
Introduction
Proper management of mine tailings is important to the mining industry. In order to do so, different methods have been proposed by various actors in order to minimise the potential impact of mining operations on the environment (e.g. desulphuration of mine tailings, engineered covers, leachate treatment, etc.) Bussière, 2007) . One of the proposed solutions, surface disposal of paste tailings, is considered more frequently by mining operations to manage milling waste. The main difference with traditional mine tailings is that paste tailings have a lower gravimetric water content (w). This technique, for example, has an impact on the water management of a tailings storage facility compared to traditional tailings disposal, i.e. potentially less drainage water to handle and greater reuse of process water. Thus, the use of paste tailings for surface disposal influences the daily operation of a tailings storage facility. This paper presents some results from ongoing work aimed at evaluating the evolution of the properties and behaviour of paste tailings deposited on the surface, and to evaluate the differences with traditional tailings management. Filtered tailings > 85 N/A (materials do not "flow") N/A (materials do not "flow")
In Table 1 , the pulp density (P) is expressed as percent solids, and it refers to the ratio of the mass of solids to the total mass of a tailings sample (it is assumed that the difference between the two masses is due to process water). The values of P given in this table typically apply to base and precious metal mines, for which the solid grains relative density D r (or specific gravity, G s ) is between 2.6 and 2.9. It is noted that the pulp volumetric density P v (= V s /V t = volume of solid/ total volume) can alternatively be used to define the type of tailings (Martin et al., 2005) , as it is considered more representative for D r values outside this range.
The yield stress corresponds to the stress necessary to initiate flow of the tailings. The critical velocity is the flow velocity below which the solid particles start to settle in the pulp. In low density tailings slurries, there will also be particle segregation during settling. The thickening and transport techniques refer to more practical aspects of tailings classification and serve to illustrate the differences in the preparation and handling of these materials.
It should also be specified here that once tailings are deposited in a tailings storage facility (TSF), they tend to consolidate, drain, and dry (regardless of the tailings type). Because of this, the differences in the properties (e.g. in-situ water content) of the tailings types may be attenuated over time (Blight, 2003) . In the long term, one of the main differences observed between a TSF of slurried tailings and a TSF of paste tailings is that the former typically contains a series of segregated layers and zones of tailings having different properties (i.e. various particle size distribution, and porosity), while paste tailings will tend to be more homogeneous (Jewell et al., 2002) . Paste tailings disposal may offer some advantages over traditional slurried tailings disposal, but it also has some limitations. It is therefore useful to investigate the conditions where this method may be applicable and preferable over more conventional tailings management techniques.
This project is conducted in collaboration with Barrick Gold, and refers to the properties of tailings from the Bulyanhulu mine site (Tanzania). This mine has been operating since March 2001 and has been depositing paste tailings in TSF from the onset. Laboratory tests results will first be presented, including basic properties of the tailings sampled at the mine. Then, the procedure developed to conduct column tests, designed to monitor the evolution of the hydrogeotechnical properties of the tailings, will be explained, followed by some key results and interpretation (linked to movement of pore water, and oxygen diffusion and consumption). Some numerical models, completed with the saturated/unsaturated flow software Vadose/W will be described in the paper. The models focus on the hydrogeological behaviour of the tailings under representative field conditions. The paper ends with a brief discussion and some closing remarks.
Laboratory testing
The tailings used to conduct the laboratory work have been sampled at the Bulyanhulu mine in Tanzania. The samples were collected downstream from the paste tailings mixer before pumping and deposition in the TSF, respectively, in October 2004 and July 2007, and are identified as Buly-04 and Buly-07. To minimise oxidation, the tailings were kept submerged and shipped to the laboratory in barrels or buckets. Once they arrived at the laboratory at École Polytechnique de Montréal (Canada), the tailings were flushed and mixed with fresh water (to remove process water), then homogenised and placed in 20 litre buckets under a water cover (to prevent oxidation). This material was used both for basic characterisation (Section 2.1) and also to develop some tests designed to gain an understanding of the properties of these tailings following deposition (Section 2.2).
Basic properties
The properties that have been determined include the following: particle size distribution, specific gravity, saturated hydraulic conductivity, water retention curves, and oxygen diffusion and consumption parameters.
Particle size distribution and specific gravity
The particle size distribution (PSD) was obtained using the ASTM D 422 standard by dry-screening (sieving) and sedimentation. The results for Buly-04 and Buly-07 samples are shown on Figure 1 . It can be seen that the two materials, although they have been sampled three years apart, have almost the same PSD. These tailings can be classified as a low plasticity silts (SM) using the united soil classification system (USCS; ASTM D 2487). These are relatively fine-grained when compared to other tailings (e.g. Vick, 1983 , Aubertin et al., 1996 Bussière, 2007) , with a D 10 of 20 to 30 μm, a uniformity coefficient (C U ) between 13 and 20, and more than 70% passing the 80 μm mesh. The specific gravity (ASTM D 854) of the Buly-04 tailings is 2.93. 
Saturated hydraulic conductivity
The saturated hydraulic conductivity (k sat ) of the tailings was measured using variable head tests in a flexible membrane (triaxial cell) permeameter (ASTM D 5084). The results of the various tests are presented on Figure 2 . In this figure, the measured hydraulic conductivity is also compared with the predicted hydraulic conductivity calculated using the Kozeny-Carman modified (KCM) model developed by Aubertin et al. (1996) and Mbonimpa et al. (2002) ; the KCM model uses basic geotechnical properties (i.e. grain size parameters, D 10 and C U , and void ratio, e) to estimate the saturated hydraulic conductivity of soils, tailings and other particulate media. The average measured hydraulic conductivity for the Buly-04 tailings is 1.3 x 10 -7 m/s (for e of about 0.72) whereas it is 6.3 x 10 -8 m/s for the Buly-07 tailings (for e of 0.65). These values of k sat are fairly low for mine tailings (Vick, 1983; Aubertin et al., 1996; Bussière, 2007) . 
Water retention curves
Because of their lower water content (compared with traditional tailings), paste tailings freshly deposited on the surface tend to desaturate more rapidly (within a few hours following deposition). This is particularly the case for the Bulyanhulu mine, located in Tanzania, where there are high daily temperatures, low humidity and little or no rainfall during 6 months of the year (SRK, 2002) . The desaturation of fine-grained materials, such as tailings from hard rock mines, can be characterised using the water retention curve (WRC), which expresses the relationship between the volumetric water content (θ) and negative pore pressure (or suction, ψ). The WRC of the Bulyanhulu tailings has been measured using two laboratory testing methods: the Tempe cell and the pressure plate extractor (described in Fredlund and Rahardjo, 1993) . The WRC obtained with both apparatus for the Buly-04 samples are presented on Figure 3 ; the curves shown on the figure have been fitted to the van Genuchten (1980) equation. Because of space limitation, results for the Buly-07 are not presented, but these are fairly similar to those shown in Figure 3 (Martin, 2010) .
It can be seen that the three tests give similar WRCs, once the air entry value (AEV; i.e. suction at which the tailings start to desaturate) is exceeded. This tends to confirm the homogeneity in the samples and also indicates good reproducibility of the results for these tailings (which has been confirmed by other tests, not shown here). It can be observed on Figure 3 that the AEV is between 25 and 70 kPa, depending on the initial porosity, whereas the suction at the residual water content (ψ r ) is around 1,000 kPa. The WRC of the paste tailings measured with the pressure plate extractor is somewhat different than the two others at low suction because the tailings in the pressure plate extractor were placed in a relatively looser state (i.e. at a higher water content, to mimic a paste like consistency). In Tempe cells, the materials are usually placed in a denser state (as was the case here), because volume changes cannot be directly monitored in the latter. However, it can be observed that all three curves practically converge at (or near) the AEV of the dense samples (about 70 kPa). Both testing methods applied here are reliable, but the pressure plate extractor is sometimes advantageous because it can be used to apply a larger suction (up to 10,000 kPa), and it also allows volume measurement of the tested specimens. More information on the volumetric variations of these paste tailings can be found in Saleh-Mbemba et al. (2010) .
Figure 3 Water retention curves of the Bulyanhulu tailings measured with a Tempe cell and a pressure plate extractor (data fitted to the van Genuchten (1980) equation)

Oxygen consumption and diffusion tests
The last characterisation results that will be presented in this section have been obtained from the oxygen diffusion and consumption tests. These tests can either be conducted in the field or in the laboratory. The objective of these tests is to evaluate, for a given degree of saturation, the effective diffusion coefficient D e (L 2 /T) and reaction rate coefficient K r (T -1 ) of tailings (or other materials). If the tailings react with oxygen (K r > 0), this indicates that there may be potential for generation of acid mine drainage (AMD), depending on its neutralising potential. Such AMD occurs when the iron sulphide minerals contained in the tailings (e.g. pyrite, FeS 2 ) are oxidised when in contact with water and oxygen. The oxidation reactions produce an acidic leachate that may also include high concentrations of sulphates and metallic ions (Kleinmann et al., 1981; Aubertin et al., 2002) . For the oxidation reactions to occur in a significant manner (to produce acid), the tailings must be partially saturated (i.e. with S r ≤ 85% approximately; e.g. Ouangrawa et al., 2006 Ouangrawa et al., , 2009 Gosselin et al., 2007) . As mentioned above, because paste tailings initially contain less water than typical slurried tailings, they can tend to desaturate more rapidly. Therefore, when the paste tailings are potentially acid generating, the time lag for oxidation to occur may be reduced.
The modified oxygen consumption (MOC) field tests are based on direct measurement of oxygen concentration in a closed reservoir, which can be linked to the oxygen flux into the tailings . The test is a variation on the testing procedure proposed by Elberling et al. (1994) . The objective of the MOC test is to evaluate the value of parameters required to calculate the oxygen flux through uncovered (or covered) tailings, i.e. the effective diffusion coefficient D e and the reaction rate coefficient K r . The test is designed to cause relatively minor disturbance of the materials. It consists of driving a stainless steel or aluminum cylinder (with a diameter of approximately 15 cm) into the mine tailings to create a zone isolated from its surroundings Mbonimpa and Aubertin, 2003; Dagenais, 2005; Martin et al., 2006b; Gosselin et al., 2007) . At the surface, a 2-5 cm headspace is left to create a closed oxygen chamber (see Figure 4 (a)). The cylinder is then closed and sealed by a cap instrumented with an oxygen sensor to measure the decrease of oxygen concentration in the reservoir.
Somewhat similar tests can also be conducted in the laboratory, in large columns (Gosselin, 2007) and in small cells . In the latter case, the tailing sample (1-2 cm thick) is placed in a sealed cell (Figures 4(b) and 4(c)) with an approximate diameter of 10 cm. The oxygen diffusion coefficient is obtained by monitoring the oxygen concentration in the two (source and receptor) reservoirs and calculating its flow through the material (Figure 4(c) ). Initially, the upstream (source) reservoir has an oxygen concentration of roughly 21% (ambient concentration) whereas the downstream reservoir has a concentration of 0% (bottom of cell is flushed with nitrogen before the beginning of the test). Both parameters (D e and K r ) can be obtained from these tests . The oxygen reactivity determination tests (to obtain K r only) are now more commonly conducted in cells composed of a single reservoir only (Figure 4(b) ). In all these tests, the oxygen concentration measurements must last long enough to obtain a significant variation in the concentration in the instrumented reservoir (i.e. a change of at least 3-5%). More information on the testing procedures and interpretation can be found in Mbonimpa and Aubertin (2003) , Dagenais (2005) , and Gosselin et al. (2007) . The main underlying assumption at the core of these tests is that molecular diffusion is the controlling oxygen transport mechanism. The one-dimensional diffusive flux of oxygen F(z,t) in an unsaturated porous medium can then be defined using Fick's first law (Aubertin et al., 2000) : In Equation (1), the equivalent air porosity θ eq is used to take into account the flux of oxygen in the air phase and in the water phase (Aubertin et al., 2000) ; it is defined as:
where θ w (or θ) is the volumetric water content [dimensionless]; θ a is the volumetric air content [dimensionless] defined as: w a n θ − = θ , where n is the soil total porosity [dimensionless]; and H is Henry's equilibrium constant (H ≈ 0.03 at 20º C for oxygen).
The flow of oxygen may be influenced by the oxidation reaction when the tailings contain sulphide minerals (like pyrite). This reaction is usually controlled by first order kinetics (Nicholson et al., 1989) , which means that the oxygen reaction rate is linearly related to its concentration. The oxygen consumption can then be introduced into Fick's second law as follows :
K is the bulk oxygen reactivity rate coefficient, which is related to the oxygen reactivity rate coefficient K r [ eq r
. Equation (3) assumes that the water content does not change over time and space, for the calculation period. This equation is used for the interpretation of the MOC test . Because it must be solved concurrently for both the diffusion and reaction rate coefficients, it is usually necessary to use a numerical method since no analytical solution exists under transient conditions. The authors have used the software POLLUTE (Rowe et al., 1998) to interpret these tests. The MOC test interpretation is based on a comparison between the measured and the simulated evolution of the oxygen concentration in the reservoir(s). An iterative process is used, where values of D * and K * are adjusted to match the measured results. The selected value of the oxygen bulk diffusion D * and reaction rate K * coefficients are those that give a 'best fit' to the experimental data. These two parameters are associated with the effective diffusion coefficient D e and the reaction rate coefficient K r (using the equivalent porosity θ eq ). The experimentally determined values can be used subsequently to calculate the flux of oxygen into the exposed tailings. More information on these tests and their interpretation can be found in Mbonimpa and Aubertin (2003) , and Gosselin (2007) .
Oxygen diffusion occurs more rapidly when the degree of saturation of the medium is low (e.g. Aachib et al., 2004) . The diffusion flux becomes very small when S r is above about 85%, i.e. when the effective diffusion coefficient is approximately equal to the diffusion coefficient in water (Aubertin et al., 2000 . The value of D e is mainly dependent on the basic properties of the material (such as its PSD and porosity) and on the degree of saturation, which influence the tortuosity and continuity of the oxygen flow path in the porous medium.
The results from field and laboratory tests indicate that the tailings from Bulyanhulu mine are reactive, which is to be expected since these tailings contain approximately 12% pyrite (Martin et al., 2005) . The reaction rate coefficients (K r ) deduced from field measurements are between 2.65 d -1 and 54.76 d -1 , for degrees of saturation (S r ) of 92% and 60%, respectively (Martin et al., 2006b ). Gosselin (2007) 
Column tests
In parallel with the characterisation of the Bulyanhulu tailings, some columns were setup as physical models to evaluate specific characteristics linked to surface paste tailings disposal. The objective of the laboratory columns tests (Figures 5(a) and 5(b)) is to investigate the response of tailings based on the behaviour of a meso-scale model that mimic certain aspects of TSF. The columns are about 30 cm in diameter and approximately 45 cm tall. They are used to create different deposition scenarios by varying parameters such as exposure time, wetting-drying cycles, and layer thickness; and to evaluate the impact of such variables on the hydrogeotechnical response of the materials. More specifically, the test consists of depositing layers (of predetermined thicknesses) of paste tailings (Buly-04 or Buly-07 tailings) in the columns, which are then left to "age" as they are exposed to the natural conditions in the laboratory. The gravimetric pulp density during deposition is typically between 70% and 75%, which is similar to that observed at the Bulyanhulu mine. At predetermined time intervals (between two and four weeks), additional layers are added on top of the older tailings; enough time is allowed for the layers to desaturate through consolidation, drainage and evaporation. The distribution of pore water in the tailings (and its variation through time) is monitored by measuring pressures and volumetric water contents.
The columns are instrumented with sensors that measure the following parameters:
• Pore water pressure, with:
○ PX240 tensiometers by Omega (± 100 kPa) fitted with a ceramic cup (100 kPa air entry value), one per tailing layer ○ watermark sensors by Irrometer Company, Inc. (suction down to -200 kPa), one per tailing layer ○ T-5 Tensiometer by UMS (suction down to -85 kPa -this is a low disturbance tensiometer installed to measure variations of suction close to the surface), one at the surface.
• Volumetric water content (one sensor per tailing layer), with: • Surface displacement, with:
○ LVDT probes by Trans-Tek Inc. (two sensors), installed on the surface of the tailing to measure the settlement and consolidation following deposition.
• Oxygen consumption and diffusion, with:
○ SO-111 oxygen sensor by Apogee Instruments Inc., placed on top of a sealed reservoir in the column (as seen on Figure 5 (a)); the tests are completed at regular time intervals (every 4 to 6 days) to evaluate the change in the oxygen consumption and diffusion as the tailing desaturates (as explained in Section 2.1.4). This sensor is removed between tests.
As seen on Figure 5 , the column, which is installed on an electronic scale, includes a water outlet (free drainage) at the bottom. This allows a measure of the mass changes through the cycle, due to actual evaporation and drainage of water. The potential evaporation (as defined in Wilson et al., 1997) is measured by weighing, on a daily basis, a similarly shaped column filled with water (free surface).
The column is instrumented and connected to a data acquisition system on a computer, to follow, almost in real time, the evolution of the tailings characteristics. Figure 5 (a) shows a column with four 10 cm layers of tailings. Some tests have also been completed with two 20 cm layers, so the impact of layer thickness on the evolution of the tailings properties could be assessed. The temperature and relative humidity in the laboratory are also monitored (average values of 25°C and 60%, respectively, with little variability during the year).
(a) (b) Much of monitoring of the column tests is based on following the evolution of the water contents and pore water pressures in the tailings. The direction of the flow of water is also of interest (i.e. downwards by drainage or upwards by evaporation). Four columns tests completed to date, with the Bulyanhulu tailings, indicate that, after an initial drainage period of 4 to 6 days, the ongoing weight loss is almost exclusively due to evaporation of the pore water. When an additional layer was deposited (between two and four weeks later) on top of a drying layer, there was no flow registered at the base; part of the water was transferred to the dryer material below, and the remaining water loss occurred through evaporation. This lack of downward drainage trough the port hole can be linked, in part, to the ability of the Bulyanhulu fine-grained tailings to retain water by capillarity (as seen in Section 2.1.3). It could be inferred from these experimental results that the lower water content (compared with traditional slurried tailings) of paste tailings tend to produce less downward drainage of water, at least when there is not water addition (by infiltration) on top. Additional results with cyclically wetted columns will be presented in Martin (2010) .
Oxygen consumption and diffusion tests were also completed at regular intervals at the surface of the tailings in the columns. These tests measured the evolution of the oxygen concentration in a sealed reservoir in order to evaluate the variations in the diffusion and reaction rate coefficients of the tailings Dagenais, 2005; Martin et al., 2006b) . Figure 6 presents the results for three oxygen consumption/diffusion tests completed at different tailings water contents (or different suctions); these results are presented with respect to suction (ψ) and not volumetric water content (θ) as the TDR probes used to measure θ did not work appropriately in these tailings. In this case, lower suctions can be related to higher water contents (or degrees of saturation), as shown by the WRCs in Figure 3 . It can be seen on Figure 6 that the oxygen concentration decreases more rapidly when the suction is higher, i.e. for a lower water content. As paste tailings contain less pore water than traditional tailings, their rate of desaturation (following deposition) may become critical. This aspect of paste tailings behaviour can be of concern when these are potentially acid generating. More specifically, desaturation by evaporation could lead to increased oxidisation and acid mine drainage. Thus, the tailings deposition cycle must be planned accordingly to minimise such desaturation of each tailings layer, to limit their oxidation.
Numerical modelling
A 1-d numerical model of the Bulyanhulu TSF was constructed using the finite element modelling software Vadose/W (GeoSlope International). This software allows the use of daily climatic conditions at the surface of the model to reproduce field conditions. The conditions applied at the top of this model were based (in some cases) on climatic data measured on the mine site during seven years (from 1999 to 2006) . The model presented here consists of 12 meters of paste tailings (final planned elevation of the facility at Bulyanhulu mine) on top of 12 meters of native soil (corresponding to the depth to the water table; WEGS, 2002). The material properties (water retention curve and saturated hydraulic conductivity) of the Bulyanhulu tailings used in the model are the ones measured in the laboratory, whereas the properties of the underlying soil were obtained from reports issued by consulting firms (Golder Associates Ltd, 1997; Kilborn, 1998) , and extrapolated using the modified Kovàcs (MK) model to obtain the water retention curve of the soil. The degree of saturation of in the tailings was 100% at the beginning of the modelling sequence. The model was run for seven years. The average yearly climatic conditions at the Bulyanhulu mine consist of 850 mm of precipitation and 1,510 mm of potential evaporation (Zhan, 2010, written comm.) . This is considered a tropical savannah climate (Aw) according to the Koppen classification system (monthly precipitation data from SRK, 2002). The rainy season (70% of the total precipitation) extends from November to April (Kilborn, 1998; SRK, 2002) . The actual evaporation (AE) was calculated using Vadose/W with user defined climatic conditions.
One of the objectives of these calculations was to estimate the position of the zero flux plane (ZFP). The ZFP can be defined as the depth in the soil (or tailings) where the total potential hydraulic gradient (dH/dz, or i y )
is nil (Miyazaki, 2006) . It corresponds to the plane that delimits upward and downward water movements. In other words, water above the ZFP will tend to move upward and may eventually evaporate, whereas water below the plane will flow downward to the base of the system, i.e. the water table, in this case. Figure 7 presents the vertical hydraulic gradients with respect to time obtain from the numerical model. It must be noted that a positive gradient means upward flow and a negative gradient, downward flow. The values of the gradient are shown at the beginning of March for each of the years modelled. This corresponds roughly to the peak of the rainy season at the Bulyanhulu mine. It can be observed on Figure 7 that, once the model attains a pseudo-equilibrium, the position of the ZFP starts levelling and stays approximately 1.5 m below the soil surface (Figure 8 ). A second model (not shown), was run for an extra seven years (with the same climatic boundary) and the results confirmed this trend. The positive gradient in the tailings indicates the importance of evaporation on the water balance for the Bulyanhulu TSF. It must be stated that the model does not take into account the sequential deposition of saturated tailings layers that could, potentially, increase the downwards desaturation, i.e. drainage. Moreover, in the first years of the model, some drainage has been observed from the tailings, so it cannot be stated that all desaturation is caused exclusively by evaporation. However, this model demonstrates the overall importance of evaporation on the water balance of a tailings storage facility filled with paste tailings. As presented above, the laboratory results tend to show that, following the onset of tailings desaturation (which occurs at a suction of roughly 50% of the air entry value for those studied in this case), the main mechanism driving water flow appears to be evaporation. This leads to believe that evaporation thus plays an important role in the water balance of a tailings facility constructed with paste tailings. The relatively low water content for these tailings, regardless of the advantages, allow desaturation to occur more rapidly than in slurried tailings. When sulphide minerals are present, this may be a concern if the tailings are potentially acid generating. The preliminary results from the laboratory column tests and numerical simulations tend to confirm this trend; as the rate of oxygen depletion increases as the tailings desaturate (which may increase AMD production if the mine tailings are potentially acid generating).
The presence of a positive vertical gradient to a depth of approximately 13 m (from the tailings surface) in the numerical simulation presented above tend to confirm that desaturation by evaporation is quite important. It must be recalled that the numerical simulations have been conducted using the climatic conditions of the Bulyanhulu mine in Tanzania (measured from 1999 to 2006). At this site, the climate is that of a tropical savannah and consists of a six month dry season, followed by six months of precipitation (high intensity/short duration daily rainfalls). It would be interesting to conduct similar calculations for different climatic conditions such as the climate of mining areas like northern Ontario and Quebec.
Further work in this project includes the study of wetting and drying cycles on the properties of the paste tailings in columns, especially with respect to the oxygen diffusion and consumption and to the potential drainage of the material. Moreover, a parametric study will be completed using the Bulyanhulu numerical model in order to evaluate the impact of certain parameters (e.g. particle size distribution, water retention curve, hydraulic conductivity, climatic conditions, position of the water table, etc.) on the position of the zero flux plane and on the related surface exchanges. Moreover, a numerical model taking into account the sequential deposition of paste tailings (as it occurs in the field) could bring new light to the flow of water in these materials. In addition, a model studying the interaction between the oxygen and pore water fluxes (which has an impact on the oxidation of reactive tailings) would also be beneficial.
Surface disposal of paste tailings may, in certain circumstances, be a viable and durable solution for tailings management. It is, however, important to take into account the specific properties of the site (climate, underlying soils, production rate, etc.) and of the tailings (particle size distribution, hydraulic conductivity, reactivity, etc.) when designing and operating a tailings storage facility with these materials.
